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Abstract 
Accurate dual-axis sun tracking is the key feature of a heliostat and is critical for the performance of a solar tower power plant. 
The primary tracking errors with respect to the geometrical errors could be theoretically determined from the measurements of 
the BCS based on optimization algorithm. Tests are performed on two heliostats in DAHAN solar tower plant and analyses are 
performed to evaluate the comprehensive effect of the six angular geometrical errors on the heliostat tracking accuracy. The test 
results show that the altitude-azimuth tracking angle formulas for several fixed geometrical errors work well and have a 
effectiveness for a given period of time. 
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1. Introduction 
Accurate heliostat tracking is critical for the performance and efficiency of a solar tower plant. Various dual-axis 
tracking modes [1] were employed such as altitude-azimuth, radial-pitch-roll, azimuth-pitch-roll, polar and receiver 
oriented. The altitude-azimuth tracking mode is widely used in solar power plant with the azimuth axis as the 
primary axis, which is naturally vertical, and the altitude axis as the secondary axis. The tracking angles of the 
altitude direction and the azimuth direction can be easily derived from Eq.1 and the heliostat tracking geometry. 
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Here, the vector n  indicates the mirror normal, the vector s  points to the sun and t  point to the aim point.  
In practice, the mirror-pivot offset and typical geometrical errors should be taken into account when deriving the 
exact altitude-azimuth tracking formulas. Baheti and Scott [2] identified six physical factors that contribute to 
tracking errors, which include pedestal tilt, elevation and azimuth reference biases, and deviations in the azimuth and 
elevation wheel sizes. Stone and Jones [3] described a number of tracking error sources, including the three 
dominant geometric error sources as the azimuth axis tilt error, the mirror alignment error and the encoder reference 
errors, and their effects on heliostat tracking. Khalsa, S.S. and Ho, C.K [4] extended the derivation of Baheti and 
Scott, and two additional error sources were considered to account for non-orthogonality between the elevation and 
azimuth axes, and a boresight error introduced by facet canting. Guo [5] gave high precision altitude-azimuth 
tracking angle formulas for a heliostat with a mirror-pivot offset and other angular geometric errors. The mirror-
pivot offset is defined as the distance from the mirror pivot to the mirror surface centre. The other angular geometric 
errors included the tilt angle and the tilt azimuth angle of the azimuth axis, the dual-axis non-orthogonal angle, the 
canting angle and two encoder reference errors.  
The tracking coefficients in the altitude-azimuth tracking formulas (such as those of Khalsa, S.S. and Guo) must 
be determined in advance for a real heliostat. The several coefficients were estimated by fitting observed errors in 
the reflected beam center location to the error model described by using the different least squares model, and then 
the applications of these coefficients were also different. 
The beam characterization system (BCS) [6] is used to obtain the beam center on the heliostat target and evaluate 
the tracking performance in the DAHAN solar tower plant [7] which was constructed in Yanqing District of Beijing 
as part of a China National High-tech R&D (863) project by Institute of Electrical Engineering of Chinese Academy 
of Sciences by the end of 2011. The primary components of BCS are a monochrome CCD camera, a camera lens 
assembly, an image acquisition card, a target and a computer. 
This paper describes the approach to determine the angular geometrical errors and the application results of these 
coefficients, with the BCS measurement data and the Guo’s tracking formulas, for a real heliostat in DAHAN solar 
tower plant. 
2. On-sun testing 
The solar field of  DAHAN solar tower plant consists of 100 heliostats with each heliostat having a reflecting area 
of 100 m2.  Two on-sun tracking measurements were performed on the #6.4 heliostat (located 111.5m North and 
85.8m East of the center of the target) and on the # 9.0 heliostat (located 178.1m North and 0m East of the center of 
the target) by the BCS on May 23, 2013 as shown in Fig. 1. The solar altitude angle and the solar azimuth angle are 
plotted in Fig. 2, to illustrate the changes of the solar angles on June 23, 2013 in Beijing. The altitude tracking angle 
and the azimuth tracking angle for the two heliostats are plotted in Fig.3 which can be derived from the high 
precision altitude-azimuth tracking angle formulas given by Guo [5], with a constant mirror-pivot offset of 0.86m. 
Meanwhile, other angular geometric errors are assumed to be zero in the formulas. 
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Fig. 1.tracking test heliostats. 
 
a b
 
Fig. 2. (a) solar azimuth angle (in north-to-east direction).; (b) solar altitude angle  
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Fig. 3. (a) azimuth tracking angle.; (b) altitude tracking angle  
The BCS is used to measure the centre of the beam reflected by an individual heliostat. And then, the distance 
difference between the beam centre and the centre of the target is converted into angle value which is called the 
offset correction value. The Heliostat Array Controller (HAC) uses these values which are stored in the database  to 
make changes to the encoder reference positions of the two rotational axes in DAHAN solar tower plant. Therefore, 
the real heliostat tracking angle for each tracking axis is the sum of the calculation tracking angles and compensation 
angles when the heliostat is reflecting the sunlight on the target. However, an essential precondition for determining 
the angular geometrical  errors is no compensation angles, the database should be read and the compensation angles 
for #6.4 heliostat and #9.0 heliostat should be cleared prior to measuring the data.  
The measurement information for the #6.4 heliostat was effectively observed from 9:00 a.m. to 12:00 noon on 
May 23, 2013 since the part of the reflected sun shape missed the target after 12:00 noon. as shown in Fig. 4.. And 
then, the measurement data for the #9.0 were observed from 12:30 p.m. to 5:00 p.m. as shown in Fig.5. Images were 
captured by the BCS with the acquisition frequency of 1 image per second. The beam centre calculated every half-
hour was a mean value in order to resolve tracking error fluctuations due to heliostat shaking and the camera 
vibration in the presence of wind. Meanwhile, 0D , the angular difference between the real zero angle position and 
the nominal zero angle position of the altitude axis, and 0J , the angular difference between the real zero angle 
position and the nominal zero angle position of the azimuth axis, must be recorded. 
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Fig. 4. Measured beam centers of the #6.4 heliostat on May 23, 2013. 
 
Fig. 5. Measured  beam centres of the #9.0 heliostat on May 23, 2013. 
3. Determination of the angular geometrical errors 
Determination of the angular tracking parameters using a least squares fit requires more than six independent 
altitude-azimuth tracking tests. The Hartley-Meyer algorithm [8] which is a modified Gauss-Newton algorithm for 
solving the nonlinear least squares equations can be used to estimate the six tracking parameters from the BCS 
measurement data on May 23, 2013. The initial values of the six angular parameters does not affect the regressed 
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results for this algorithm. Here, the six angular tracking parameters of an azimuth-elevation tracking heliostat are tilt 
azimuth angle and  tilt angle of the azimuth axis, azimuth reference bias, dual-axis non-orthogonal angle, altitude 
reference bias and canting angle of the mirror surface plane relative to the elevation axis. The six angular tracking 
parameters for the #6.4 heliostat and #9.0 heliostat derived from the BCS measurement data are shown in Table 1. 
and Table 2 respectively.   
 
Table 1. the six angular tracking parameters for the #6.4 heliostat. 
Tilt azimuth angle 
(°) Tilt angle (°) 
Azimuth reference 
bias (°) 
dual-axis non-
orthogonal angle 
(°) 
Altitude reference 
bias (°) Canting angle (°) 
283.765 0.455 -1.179 0.360 0.050 -0.804 
Table 2. the six angular tracking parameters for the #9.0 heliostat. 
Tilt azimuth angle 
(°) Tilt angle (°) 
Azimuth reference 
bias (°) 
dual-axis non-
orthogonal angle 
(°) 
Altitude reference 
bias (°) Canting angle (°) 
155.488 0.010 -0.510 -0.630 -0.046 -0.762 
 
4. Tracking error observations after corrections 
The six angular tracking parameters were applied to Guo’s altitude-azimuth tracking angle formulas [5] 
embedded in the local controllers of the #6.4 heliostat and the #9.0 heliostat. The new 0J  was obtained by adding 
the old one recorded on May 23, 2013 and the azimuth reference bias together, and the new 0D  was obtained by 
subtracting the altitude reference bias from the old one because the forward direction of the heliostat altitude angle is 
downward. The tilt azimuth angle and the tilt angle of the azimuth axis, the new 0J  and 0D  were sent through the 
HAC directly to the local controller of the heliostat, while the dual-axis non-orthogonal angle and canting angle of 
the mirror surface relative to the elevation axis were edited in the bottoming program in the local heliostat controller. 
The calculation tracking angles, as shown in Table 3. and Table 4., were sent to the servomotors to move the two test 
heliostats to the aim point on May 23, 2013. 
Table 3. The nominal and true tracking angle of the #6.4 heliostat. 
Local standard time 
(hr) 
Nominal altitude 
tracking angle (deg) 
True altitude tracking 
angle (deg) 
Nominal azimuth 
tracking angle (deg) 
True azimuth tracking 
angle (deg) 
9:00 35.480 35.396 43.772 43.814 
10:00 35.550 35.574 55.936 55.990 
11:00 36.654 36.585 67.900 67.916 
12:00 38.751 38.593 79.114 79.094 
13:00 41.713 41.479 89.284 89.228 
14:00 45.378 45.081 98.338 98.248 
15:00 49.585 49.237 106.360 106.233 
16:00 54.191 53.802 113.505 113.342 
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Table 4. The nominal and true tracking angle of the #9.0 heliostat. 
Local standard time 
(hr) 
Nominal altitude 
tracking angle (deg) 
True altitude tracking 
angle (deg) 
Nominal azimuth 
tracking angle (deg) 
True azimuth tracking 
angle (deg) 
9:00 48.653 48.698 43.556 43.509 
10:00 45.670 45.715 53.109 53.049 
11:00 43.688 43.732 63.507 63.442 
12:00 42.825 42.870 74.456 74.390 
13:00 43.143 43.189 85.516 85.453 
14:00 44.618 44.664 96.216 96.159 
15:00 47.152 47.200 106.184 106.136 
16:00 50.608 50.658 115.219 115.185 
 
The #6.4 heliostat tracking errors measured on May 23, 2013 are compared to the errors measured on May 30, 
2013 in Fig.6, demonstrating a significant improvement. The heliostat spot missed the target after 12:00 noon on 
May 23, and the spot remained on the target throughout the testing process on May 30. The RMS tracking error of 
the #6.4 heliostat was 2.61 mrad which met the design requirement of the heliostat tracking accuracy. The #9.0 
heliostat tracking errors measured on May 23, 2013 are compared to the errors measured on May 30, 2013 in Fig.7. 
Unlike the #6.4 heliostat, the #9.0 heliostat had an more accurate tracking that the RMS tracking error was 1.94 mrad 
on May 23, while the RMS tracking error was 1.47 mrad when the tracking angles were calculated by the Guo’s 
altitude-azimuth tracking angle formulas with the six angular parameters derived from the measurement of May 23. 
 
Fig. 6. Plot of #6.4 heliostat pointing errors measured on May 30, 2013 with angular parameters. These errors were compared to the errors 
measured on May 23, 2013 without angular parameters. 
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Fig. 7. Plot of #9.0 heliostat pointing errors measured on May 30, 2013 with angular parameters. These errors were compared to the errors 
measured on May 23, 2013 without angular parameters. 
The results in Fig.8 show that the altitude tracking errors which ranged from 0.91 – 2.62 mrad was more serious, 
while the azimuth tracking errors ranged from 0.17 -1.34 mrad. This was especially true of the #6.4 heliostat for the 
spot missed the target along the vertical direction of the target. Khalsa [4] analyzed the tracking errors contributions 
that the most prominent error sources contributing to the azimuth error were pedestal tilt, canting angle, and dual-
axis non-orthogonal angle, and the most prominent error source contributing to the elevation error was pedestal tilt. 
However, Guo [8] studied the intersection of the reflected mirror-surface-center ray with the target plane and 
simulated the angular tracking error traces for the dual-axis non-orthogonal angle error only and the canting angle 
error only, respectively. Two traces indicated that the dual-axis non-orthogonal angle error and canting angle error 
also contributed to the altitude tracking error. However, for the #6.4 heliostat, the most prominent error source 
contributing to the elevation error is the azimuth axis tilt angle of 0.455e. 
5. Error analysis on the determination process of the angular parameters 
Strachan [6] analyzed the accuracy of the BCS process and estimated the error for individual heliostat 
measurement was 2% for the single heliostat without the flux gauge fixed on the target. However, the error would be 
more than 2% because of the less quality of the concave concrete-wall target in DAHAN solar tower plant.  
The calculation models [4, 8] of the angular parameters were both based upon an assumption that the beam center 
derived by the BCS measurement should be in accordance with the simultaneous intersection of the reflected mirror-
surface-centre central solar ray with the target plane. The assumption is not always correct, especially if the heliostat 
spot shape is irregular. 
The exact values for the six angular parameters for a real heliostat in the field are unknown, or may not be known, 
so it is difficult to judge the correctness of these regressed parameters from the BCS measurements. Although each 
regressed value may be different from the true value, the comprehensive effect of the regressed angular parameters 
should alleviate the heliostat tracking errors. The validity of the comprehensive effect is not permanent, and the 
effect will be less with the lapse of time. A test was performed using the #6.4 heliostat on June 12, 2013, with the 
objective of evaluating the comprehensive effect, as shown in Fig.8 and 9. 
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Fig. 8. Comparison of the beam centers of the #6.4 heliostat measured on May 23 and June 12, 2013 
 
Fig. 9. Comparison of the #6.4 heliostat tracking errors measured on May 23 and June 12, 2013 
6. Summary 
The #6.4 and #9.0 heliostats in DAHAN solar tower plant were used to verify Guo’s altitude-azimuth tracking 
angle formulas and the Hartley-Meyer solution algorithm. However, due to the limitations of the measuring 
equipment and the calculating method of the actual intersection of the reflected mirror-surface-centre ray with the 
target plane, the comprehensive effect of the six angular parameters derived from the BCS measurement and 
optimization algorithms has a effectiveness for a given period of time.  
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Further work will focus on the error analysis of the determination process of the angular parameters and the 
improvement of the tracking accuracies of the heliostats in DAHAN solar tower plant. 
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